The full 3-D vector magnetic field of a solar filament prior to eruption is presented. The filament was observed with the Facility Infrared Spectropolarimeter at the Dunn Solar Telescope in the chromospheric He i line at 10830Å on May 29 and 30, 2017. We inverted the spectropolarimetric observations with the HAnle and ZEeman Light (HAZEL) code to obtain the chromospheric magnetic field. A bimodal distribution of field strength was found in or near the filament. The average field strength was 24 Gauss, but prior to the eruption we find the 90th percentile of field strength was 435 Gauss for the observations on May 29. The field inclination was about 67 degree from the solar vertical. The field azimuth made an angle of about 47 to 65 degree to the spine axis. The results suggest an inverse configuration indicative of a flux rope topology. He i intensity threads were found to be co-aligned with the magnetic field direction. The filament had a sinistral configuration as expected for the southern hemisphere. The filament was stable on May 29, 2017 and started to rise during two observations on May 30, before erupting and causing a minor coronal mass ejection. There was no obvious change of the magnetic topology during the eruption process. Such information on the magnetic topology of erupting filaments could improve the prediction of the geoeffectiveness of solar storms.
INTRODUCTION
Solar filaments are relatively thin and elongated, magnetically bound structures observed in absorption when projected against the chromosphere of the solar disk. They are composed of cold (10 4 K), dense (electron density > 10 9 cm −3 ) plasma which is thermally insulated from its much hotter surroundings in the transition region and corona (Parenti 2014) . Filaments are always located above magnetic field polarity inversion lines in the photosphere. Depending on the magnetic conditions within the photosphere below, filaments may be categorized as either active, intermediate, or quiescent. Quiescent filaments are typically more extended (100s of Mm), elevated (10s of Mm), and long-lived (months) than their active region counterparts, in addition to exhibiting weaker host magnetic field (a few Gauss) (e.g., Mackay et al. 2010) . Filaments are composed of fine threads which form an angle (20 • -35 • ) to their spine (Lin et al. 2007; Parenti 2014) . Filaments and prominences can be observed in strong chromospheric spectral lines such as Hα at 6563Å, or the absorption lines of He i at 5876Å(He i D3) and 10830Å. In particular, spectropolarimetry of 10830Å is a powerful tool used to study the magnetic structure in the upper atmosphere (e.g. Choudhary et al. 2002; Schad et al. 2013 Schad et al. , 2015 Schad et al. , 2016 . Lin et al. (1998) demonstrated measurements of the full Stokes parameters of a filament at 10830Å, and proposed a tilted magnetic field loop across the filament spine to explain their observation. Casini et al. (2003) presented results of He i D3 inversions in a prominence, finding a range of magnetic field strengths of between 10 -70 Gauss. Merenda et al. (2006) found magnetic field strengths of about 30 Gauss in a polar crown prominence using observations taken in the He i line at 10830Å. However, much larger field strengths have also been observed. For example, an active region filament with a magnetic field strength of up to 800 Gauss was observed on May 17, 2005 , by Xu et al. (2012 . The same filament was activated by a solar flare on May 18, 2005, and showed multiple components in the profiles (Sasso et al. 2011 ). Orozco Suárez et al. (2014 studied the magnetic field of a prominence, and found that the magnetic field was stronger in its feet than in its main body. However, the study of the magnetic field of prominences is not without its complications. For example, Milić et al. (2017) studied the multidimensional effects on the inference of the magnetic field of prominences, and found that the inferred magnetic field is weaker and more horizontal than their input. Furthermore and quite crucially, Díaz Baso et al. (2019a,b) studied an active region filament observed on June 17, 2014, and found that the Stokes V signals were not from the filament, but from the active region below it.
In addition to the amplitude, inversions also provide information about the orientation of the filaments host magnetic field. Collados et al. (2003) studied the azimuth of two filaments close to disk center, and found that it is oriented approximately along the filament axis. Merenda et al. (2007) studied the orientation of the magnetic field of a solar filament near disk center, and found that the inclination of the magnetic field is horizontal in the central part of the filament and changes along the filament axis, and its azimuth changes along the filament as well. Hanaoka, & Sakurai (2017) statistically studied the orientation of the magnetic field of filaments and confirmed their hemispheric pattern of chirality.
After filament formation, filaments can be stable within the solar atmosphere for a few rotations. The stability of filaments is heavily dependent on the evolution of its host magnetic field, in the case of quiescent filaments it is believed their stability is additionally dependent on the filament plasma itself (see e.g., Zirker et al. 1998; Török, & Kliem 2005; Kliem, & Török 2006; Berger et al. 2008; Jenkins et al. 2018; Fan 2018; Jenkins et al. 2019) . When this stability is removed, some filament eruptions lead to coronal mass ejections (Schwenn 2006; Prasad Choudhary et al. 2002) , while others do not (Choudhary, & Moore 2003) . The magnetic structure of an active region filament observed on May 17, 2005 was explained as a rising flux rope by Sasso et al. (2014) . Kuckein et al. (2009 Kuckein et al. ( , 2012b studied an active region filament observed in July, 2005, and suggested a flux rope topology. Together, the field strengths and angles can be used to distinguish between the multiple topologies that were suggested to be able to support the filament plasma, such as the sheared arcade model and the flux rope model (Gibson 2018) .
Regular full vector magnetic fields of solar filaments are now obtained from synoptic observations at the DST. In this manuscript we present the inversion of He i 10830Å as observed within a filament during an observing campaign carried out in May 2017. In addition, we present the first high-resolution observations in He i 10830Å acquired during a filament eruption along with the corresponding HAnle and ZEeman Light (HAZEL; Asensio Ramos et al. 2011) inversion results. The line-of-sight velocity information will be used in a future paper. Section 2 describes our data sets. The analysis with the HAZEL code is detailed in Section 3. Our results are presented in Section 4 and discussed in Section 5. Section 6 gives our conclusions.
OBSERVATIONS
A quiescent filament, shown in Figure 1 Figure 1a shows a full-disk context image taken in the Hα line core at 6562.8Å using the GONG network 1 (Harvey et al. 2011) . Figure 1b is a zoom-in of the box in Figure 1a showing the filament of interest, this is then further zoomed to the FOV of the ground-based instruments at the DST in Figure 1c . Simultaneous photospheric magnetic field information (Figure 1d ) show the cospatial photospheric polarity inversion line. Figure 1f shows the filament as observed using the Interferometric Bidimensional Spectropolarimeter (IBIS ; Cavallini 2006) mounted at the Dunn Solar Telescope (DST). In addition to IBIS, observations were taken using the Facility Infrared Spectropolarimeter (FIRS; Jaeggli et al. 2010) , the Rapid Oscillations in the Solar Atmosphere (ROSA; Jess et al. 2010) , and the SpectroPolarimeter for Infrared and Optical Regions (SPINOR; Socas-Navarro et al. 2006 ). The coudé table was rotated such that the slits of FIRS and SPINOR were aligned with the axis of the filament. We focus only on the observations taken with IBIS and FIRS here. Equipped with a high-order adaptive optics system (see Rimmele 2004 , for a detailed description), the DST is capable of capturing diffraction-limited images of the Sun at high temporal cadence. The filament was observed at the DST for several days prior to its eruption, occurring on the day following the snapshot shown in Figure 1 . The length of the filament including the additional portion of the filament that extends towards the northern hemisphere (note the filament channel can be seen in the extreme ultraviolet observations) is 660 ′′ . Due to the total length of the filament of 660 ′′ and the limited field of view (FOV) at the DST, only one of the ends of the filament and its surroundings were captured in the ground-based observations. IBIS scanned across the two lines of Hα at 6562.8Å and Ca ii IR at 8542Å in spectroscopic mode with a nonequidistant spectral sampling of 27 and 30 wavelength points, respectively. The exposure time was 80 ms per image with a total cadence of 13 s for both lines. A circular FOV with a diameter of 95 ′′ was sampled with 0.1 ′′ pix −1 in both x and y. Data were acquired from 13:59:46 to 22:18:10 UT on May 29, with a gap between 15:42:12 and 20:59:00 UT, and from 13:47:08 to 15:02:13 UT on May 30. The IBIS data were reduced with the standard data reduction pipeline 2 . In addition to the standard processing, the influence of the pre-filter transmission curve on the line profiles was removed by forcing the average quiet-Sun profile, defined over the region bound by the rectangular box shown in Figure 1f , into the shape of a reference profile given by the tables of David (1961) at µ = 0.91 (for more details see Schwartz et al. 2019) . The correction retrieved for the average profile was applied to all other spectra. This step also provides an radiometric intensity calibration.
FIRS was used to observe the photospheric Si i 10827Å line and the chromospheric He i 10830Å line using a 40-micron wide (≈ 0.3 ′′ ), single slit of 75 ′′ length that was sampled with 0.15 ′′ pix −1 along the slit. A spectral range from 10817 to 10856Å was covered with a spectral sampling of 0.039Å pix −1 . The exposure time was 125 ms with a total integration time of 20 s (8 s) for the 4 Stokes parameters per scan step on May 29 (May 30). The noise rms in continuum windows in Stokes I of raw data was 1 ×10 −2 / 3 ×10 −2 / 6 ×10 −2 for the three observations on May 29 and 30. The filament was scanned with 100 (200) steps of 0.3 ′′ step width on May 29 (May 30) with a total duration of 40 min (30 min). Data were acquired from 14:41:33 to 15:21:30 UT on May 29 and 13:46:58 to 15:02:14 UT on May 30. The FIRS data were reduced with the standard data reduction pipeline 3 . In addition to the standard processing, we ran a two-dimensional Fourier filter to reduce polarized interference fringes and a de-spiking routine to capture hot pixels over the FIRS spectra. Prior to the inversion, the data was re-binned to 0.9 ′′ × 0.9 ′′ per pixel to improve the signal-to-noise ratio. The final noise rms in continuum windows was 8 ×10 −3 of I c and 4 ×10 −4 of Q c , U c , and V c for the May 29 and 2 ×10 −2 / 3 ×10 −2 of I c , and 1 ×10 −3 / 1 ×10 −3 of Q c , U c , and V c for the first / second May 30 FIRS data. Figure 2 displays overview maps of the three FIRS observations in the He i line. The filament exhibits a more compact structure on May 29 than on May 30 when several separate threads are visible. The barbs go in the counterclockwise direction, which implies a sinistral filament (Martin 1998) . We find significant linear polarization signal inside the filament body in all maps. The circular polarization signal is concentrated towards the end of the filament at the right-hand side of the FOV in these maps on the 29th. The filament was erupting on the 30th. We traced individual threads in the He i line depth maps on May 30 as an independent estimate of the direction of the magnetic field azimuth. Figure 3 shows the Stokes images of Si 10827Å line from the photosphere. The photospheric magnetic field in the field of view is not relevant for the filament apart from the endpoint. The sequence of white-black-white patches at x ∼ 55 ′′ − 70 ′′ corresponds to those found in the HMI magnetogram in Figure 1 Ramos et al. 2011) inversion code was used to infer the chromospheric magnetic field vector from the observations. The code requires full Stokes vector data, observation angle, and an initial estimate as input.
On May 24, the filament appeared at the solar east limb from Earth as shown in the left and middle colomns in Figure 4 . The filament was seen to have spanned between 5 ′′ and 50 ′′ above the limb, as observed by both the AIA and GONG instruments, in addition to a clear axis seen at 20 ′′ . At its highest, it extended to a height of about 80 ′′ above the limb, according to observations taken by AIA in the 304Å passband, whilst the axis remained at 20 ′′ . On May 27, the filament appeared at the solar west limb when observed by the STEREO-Ahead. This is shown in the upper right panel of Figure 4 ; its height remains similar to that observed on May 24. According to these observations the filament was stable between May 24 and May 29, therefore we have used a fixed height of 20 ′′ above the solar surface in the inversion of the observation on May 29. Based on the line-of-sight velocity information of the two observations on May 30 we have estimated the distance traveled during the eruption process, providing height estimates of 46 ′′ and 109 ′′ , respectively, for the inversion of the two data sets on May 30. Asensio Ramos et al. (2008) ; Schad et al. (2013) ; Díaz Baso et al. (2019a) demonstrated that inversion results are not very sensitive to the specific value of height used, so these estimates are sufficient for our analysis.
The line profiles from our data in Figure 5 show only one dominant component, examples of the more complex multiple component line profiles can be found in Sasso et al. (2011) . As the filament that is the focus of this study is far from any active region and the Stokes V signals are much smaller than the linear polarization signals in most of the filament as shown in Figure 2 , we may choose a single slab model for the inversion setup.
The inversion mode of DIRECT + Levenberg-Marquardt was selected in HAZEL to avoid getting trapped in a local minimum of the merit function. As a result, the initial guess does not have a large influence on the results (see Section 4.2 of Asensio Ramos et al. (2011) for more details). The seven output parameters of HAZEL are the magnetic field strength B, inclination γ, azimuth Φ, optical thickness, thermal velocity, damping, and Doppler velocity. We focus here on the magnetic field parameters B, γ, and Φ. A filament mask was obtained using the dark features in the FIRS Stokes I line-core image of the red component of He i.
Disambiguation
The inversion provides four different solutions that yield identical spectra because of the 180-degree ambiguity and the Van Vleck ambiguity. The field direction has to therefore be disambiguated using additional a priori information. Two of the solutions included an angle between field lines and the horizontal direction larger than 60 degree. Based on the results of previous studies (e.g. Trujillo Bueno et al. 2002) in which the field was found largely horizontal with small deviations, we discarded such solutions as unphysical. Furthermore, the leading polarity was positive as shown in the synoptic map of line-of-sight magnetic field (see Figure 1d ). Thus, the magnetic field direction along the filament spine is from northwest to southeast i.e., the solution adopted appears to point the axial field in the direction compatible with the observed shear and the tilt angle from Joy's law. Figure 5 shows the inversion results of one position with strong field and one with weak magnetic field along the filament spine. The upper panels of Figure 5 show the inversion results of the pixel at (x: 14 ′′ , y: 22 ′′ ) in the spine of the observed filament (red point number 1 on the upper left panel of Figure 2 ). The inverted field strength, inclination, and azimuth are 32 Gauss, 87 degree, and -120 degree, respectively. The panels in middle row of Figure 5 show the inversion results of the pixel at (x: 63 ′′ , y: 16 ′′ ) in the spine of the observed filament (red point number 2 on the upper left panel of Figure 2 ). The panels in lower row of Figure 5 show the inversion results of the pixel at (x: 61 ′′ , y: 17 ′′ ) in the spine of the observed filament (red point number 3 on the upper left panel of Figure 2 ). The field strength, inclination, and azimuth are 577 Gauss, 91 degree, and -92 degree, respectively. The root mean square of error and standard deviation of error of inverted magnetic field strength, inclination, and azimuth provided by HAZEL are listed in Table 1 . They are derived from all the 1068 data points. The reversed shape of the Stokes U profiles between the two positions in Figure 5 is mainly due to the large difference of azimuth. The signal of Stokes V profiles in the middle and lower panel of Figure 5 are stronger than in the upper panel, which indicates a stronger line-of-sight magnetic field. Figure 6 shows the fit quality over multiple spectra, and the variation in Q, U, and V along the cyan line in Figure 2 . The observations are well reproduced with a single-component model throughout all of the filament. Figure 7 shows the vector magnetic field of the observed filament. On May 29, the filament was stable. Strong magnetic fields were concentrated at the west end of the filament (x > 51 ′′ ) at the right-hand side of the FOV, where the 90th percentile of field strength was 435 Gauss. The mean value at x < 51 arcsec is 24 Gauss. A histogram of the field strength is shown in Figure 8 .
Fit Quality

RESULTS
Magnetic Field Strength
The linear polarization of the filament in the He i 10830Å was strong, while there was almost no linear polarization in the Si i 10827Å line below the filament body except the end. The structures of the horizontal magnetic fields are visible in the He i layer, but there is no indication in the Si i layer. Unlike linear polarization, the circular polarization at the end of the filament in the He i 10830Å shows a similar structure as the circular polarization in the Si i 10827Å below it, and does not show any similarity with the filament shape. The magnetic field strength in the end region of the filament reaches up to 570 Gauss in the HAZEL inversion, while below it in the photosphere, the field strength from HMI is only up to 340 Gauss. Possible reasons for the higher field strength derived from He i are that the photospheric value from the Milne-Eddington inversion of the HMI data is the average over the resolution element because of its spatial and spectral resolution, and filling factor impact. The magnetic field strength at the end is much stronger than in the filament spine, and it is consistant with the assumption that the filament goes down to the photosphere at the end.
On May 30, the filament started rising at ∼ 08:00. The first FIRS observation on this day was taken from 13:46 until 14:20, while the filament was rising. The part of the filament observed by FIRS at this time is shown in Figure  1b as a dark blue contour. The filament width on May 30 was about 12 arcsec, which was larger than its width of 6 arcsec on May 29 (see Figure 7) . The filament is not visible in the IBIS Hα line-core images on this day, but showed up as a strongly blue-shifted line satellite. On May 30, the mean field strength value for the observation at 13:46 was 70 Gauss. The magnetic field strength was set to be no more than 300 Gauss in the inversion for the observations on May 30. The values of field strength that are close to this limit can be inaccurate due to the decreased line depth of the rising filament and the weak signal of Stokes V for filaments observed close to disk center. The mean optical depth decreased from 0.74 on May 29 to 0.33 on May 30. The rising filament on May 30 was wider than on May 29, and this may be the reason of decreased line depth and optical depth.
Shortly afterwards, a second observation was made starting from 14:29 until 15:02, while the filament was still rising. The mean value of magnetic field strength was 45 Gauss for this observation. The filament disappeared in SDO/AIA 304Å image at ∼ 18:00, and erupted as a minor CME.
Angles of Magnetic Field
The middle row of Figure 7 shows the inclination results of the three observations. An inclination value of 0/90/180 is defined to be upward/horizontal/downward with respect to solar surface. On May 29, the inclination angle at positions along the filament spine (x < 51 ′′ ) were around 67 degree and similar to each other, while the inclination at the end of the filament was around 79 degree, which is closer to horizontal than the spine region. The histogram of the inclination angles on May 29 is shown in the left panel of Figure 8 . The mean values of the magnetic field inclination angle are 80 degree for x > 51 arcsec, and 69 degree for x < 51 arcsec.
The values of inclination are uniform for the observation at 13:46 on May 30 as shown in Figure 7 . The mean value of the inclination angle observed at 13:46 is 69 degree. The values of inclination are similar everywhere for the observation at 14:29 on May 30 as shown in Figure 7 . The mean value of the inclination angle is 63 degree for this observation.
The Helium threads shown in the upper left panel of Figure 2 are aligned with the magnetic field vectors, and they are also aligned with the IBIS Hα threads in Figure 1(f) . Figure 7 , the direction of the magnetic field lines of the filament is from the following polarity to the leading polarity. In Figure 1(d) , the leading polarity is positive, and the azimuth of photospheric magnetic field is expected to be from the leading polarity to the following polarity. Hence, the inversion results are suggestive of an inverse configuration of the magnetic field direction in the layer observed in He i 10830Å.
As shown in
The lower left panel of Figure 8 shows the histogram of the angle between the magnetic field azimuth and the spine axis for the observation of May 29. The mean values of the angle between the magnetic field azimuth and the spine axis are 48 degree for x < 36 ′′ , 59 degree for 36 ′′ < x < 51 ′′ , and 66 degree for x > 51 ′′ . The angles change gradually along the filament spine for the observation on May 29. This value is 52 degree for the observation at 13:46 on May 30, and was 54 degree for the observation at 14:29 on May 30.
DISCUSSION
The magnetic field results are in an inverse polarity configuration indicative of a flux rope topology. By inverse polarity configuration, we mean that the magnetic field vector crossing the polarity inversion line points from negative polarity to positive polarity. The polarity inversion line and photospheric polarities are shown in Figure 1 (d) . The pointing of magnetic field of the filament is shown as azimuth in the bottom row of Figure 7 . Figure 9 shows a sketch of this topology based on the observation of both the filament and the photospheric layers on May 29. The flux tube is completely above the photosphere with its bottom at the height of 20 arcsec, where the filament lies. The diameter of the fluxrope in Figure 9 is assumed to be 70 arcsec. Thus, each magnetic field line in the sketch makes about two turns (see the red arrows in Figure 9 ). The filament has a sinistral configuration as expected for the southern hemisphere.
We investigated the vector magnetic field of a quiescent filament from spectropolarimetric scans in the He i 10830Å. Our results demonstrate an inverse polarity configuration indicative of a flux rope topology before the eruption process. The magnetic topology does not change during the initial eruption process.
The magnetic field strength of the filament is mainly 24 Gauss. The value is consistent with studies of quiescent filaments observed at the limb. For example, 20 Gauss from Casini et al. (2003) , 7 Gauss from Orozco Suárez et al. (2014) , and 60 Gauss from Martínez González et al. (2015) . However, the magnetic field strength at the filament end is much stronger than the value at the central part, and the same trend is shown in studies at the limb (Orozco Suárez et al. 2014) . The structures of the horizontal magnetic fields are visible in the He i layer, but there is no indication in the Si i layer. In contrast, AR filaments are usually observed with large scale horizontal structures in both the He i layer and the Si i layer (Xu et al. 2012; Kuckein et al. 2012b; Díaz Baso et al. 2019a ). The magnetic field in the filament body seems completely detached from the photospheric field below it, and it is in line with the hyperbolic flux tube (Titov et al. 2002 (Titov et al. , 2003 interpretation of a flux rope, whereas AR filaments are believed to be low-lying and therefore contain bald point separatrix surface signatures in the photosphere.
The inclination angle to the solar vertical is around 67 degree for the observed part of the stable filament on May 29. Reported inclination of quiescent prominence ranges widely from mostly horizontal (Casini et al. 2003) to 30 degree from vertical (Martínez González et al. 2015) , such as 77 degree from vertical (Orozco Suárez et al. 2014) . The angle between magnetic field azimuth and filament spine is 47 degree to 58 degree, and gradually decreases along the filament from the end on May 29. Orozco Suárez et al. (2014) reported 58 or 24 degree for the angle of a quiescent prominence. In general, the polarimetric data can be used to determine the chirality of filaments without information of barb direction.
The flux rope topology is found on the day prior to the eruption, and during the eruption without any evident changes. The filament was observed on two consecutive days, and was rising while being observed on the second day. The inversions give the field strength for both days. During the eruption, the observed magnetic structure is well preserved without significant changes. The eruption itself does not seem to impact the observed field strengths significantly.
The quiescent filament has a length of about 660 arcsec, and a width of about 6 arcsec in the Hα observation on May 29, 2017. The filament expanded with its width doubled on the second day and the line depth decreased as shown in Figure 2 . The line depth became less on May 30, 2017 due to rising of the filament. These facts are consistent with the rise and expansion of the filament through the solar atmosphere. The filament spine was almost straight with both ends in S-shape. It resemble the sigmoidal morphology observed in X-ray of Active Regions (Canfield et al. 1999 ).
